Background: The goal of this study was to evaluate the expression and serine 9 phosphorylation of glycogen synthase kinase (GSK-3b) within the adult hippocampal dentate gyrus (DG) in a preclinical mouse model of fetal alcohol spectrum disorders. GSK-3b is a multifunctional kinase that modulates many hippocampal processes affected by gestational alcohol, including synaptic plasticity and adult neurogenesis. GSK-3b is a constitutively active kinase that is negatively regulated by phosphorylation at the serine 9 residue.
F
ETAL ALCOHOL SPECTRUM Disordersis a highly prevalent condition (2 to 5% in the United States) associated with a broad range of neurobehavioral deficits, from mental retardation following high-dose gestational alcohol exposure (fetal alcohol syndrome) to more subtle behavioral problems following moderate gestational exposure (Guerri et al., 2009; Streissguth and O'Malley, 2000) . Common behavioral problems in clinical FASD include those associated with cognition and mood (Mattson et al., 2011) , which may be due in part to the teratogenic effects of alcohol on the developing hippocampus, a brain region known to play a pivotal role in cognition, stress, and mood regulation (Berman and Hannigan, 2000) . Preclinical studies in rodent models have demonstrated that exposure to even moderate levels of alcohol during gestation results in long-term impairments of hippocampal function. These include persistent alterations in hippocampal synaptic plasticity (Fontaine et al., 2016; Krawczyk et al., 2016) as well as impaired capacity for adult hippocampal neurogenesis (Gil-Mohapel et al., 2010) . Despite the high prevalence of FASD, there are few therapeutic options for mitigating the neurobehavioral consequences of this disorder.
The hippocampal dentate gyrus (DG) represents one of few brain regions where neurogenesis continues throughout life. New dentate granule neurons are continuously generated from a pool of neural stem and progenitor cells located within the dentate subgranular zone (SGZ), a region bordering the dentate granule cell (DGC) layer and hilar region. Adult-generated, immature dentate granule neurons display unique connectivity, hyperexcitability, and plasticity during a critical period of maturation between 4 and 8 weeks of cellular age and confer an extreme form of structural plasticity that can modify the hippocampal trisynaptic network (Piatti et al., 2013; Sailor et al., 2017) . Although immature DGCs only constitute an estimated 5 to 6% of the total DGC population, these cells exert profound effects on hippocampal network activity and are critical for encoding certain forms of episodic memory (Gu et al., 2012; Nakashiba et al., 2012) , in addition to regulating stress and mood (Cameron and Glover, 2015) .
Many studies in various preclinical rodent models of FASD have demonstrated that prenatal alcohol exposure (PAE) exerts long-lasting impairments in adult hippocampal neurogenesis (Boehme et al., 2011; Choi et al., 2005; GilMohapel et al., 2010; Ieraci and Herrera, 2007; Kajimoto et al., 2013; Klintsova et al., 2007; Redila et al., 2006; Uban et al., 2010) . Using voluntary drinking paradigms to model PAE in mice, we previously demonstrated that exposure to moderate levels of alcohol during gestation has no effect on the production of adult-generated dentate granule neurons when mice are housed under standard conditions, but leads to marked impairment in the ability to mount a neurogenic response to enriched environment (EE; Choi et al., 2005; Kajimoto et al., 2013) . This outcome equates to approximately 50% fewer adult-generated dentate granule neurons in PAE compared to control mice under enriched living conditions. Interestingly, this neurogenic defect is not due to a change in the size of the SGZ progenitor pool but is primarily due to impaired activity-dependent survival and integration of newborn dentate granule neurons into the hippocampal network (Choi et al., 2005; Kajimoto et al., 2013) , and is correlated with altered synaptic activity in newborn cells (Kajimoto et al., 2016) . Although it is unknown whether postnatal neurogenic capacity is impaired in clinical FASD, studies using structural neuroimaging techniques in FASD individuals have demonstrated reductions in hippocampal volume (Autti-Ramo et al., 2002; Riikonen et al., 1999; Willoughby et al., 2008) and impaired temporal lobe network function (Sowell et al., 2007) that are correlated with hippocampal-related memory deficits. Recent confirmation that robust hippocampal neurogenesis also occurs throughout life within human brain (Spalding et al., 2013) further underscores the need to elucidate how gestational alcohol exposure impacts postnatal neurogenesis and hippocampal neurogenic function.
In this study, we asked whether dysregulation of glycogen synthase kinase 3b (GSK-3b) may contribute to impaired neurogenic function in PAE mice by measuring GSK-3b expression and serine 9 phosphorylation status in our PAE model under conditions of EE, a condition in which hippocampal neurogenesis is known to be impaired. GSK-3b is a constitutively active serine protein kinase highly expressed in the brain, that is negatively regulated by phosphorylation at the Ser9 residue (Kaidanovich-Beilin and Woodgett, 2011) . GSK-3 activity plays an essential role in neurogenesis during embryonic development (Kim et al., 2009) . Although many studies have also demonstrated an important role of GSK-3b in adult hippocampal neurogenesis, the nature of this regulation under physiological conditions remains ambiguous. For example, genetic overexpression of GSK-3b within the hippocampus during postnatal development can promote or impair adult hippocampal neurogenesis in mice, depending on the transcriptional promoter used to drive genetic overexpression (Fuster-Matanzo et al., 2013; JuradoArjona et al., 2016) . Similarly, EE and voluntary exercise, which both increase neurogenesis in normal mouse hippocampus, drive GSK-3b activity in opposite directions (Hu et al., 2013; Zang et al., 2017) . Therapeutically, abnormally high GSK-3b activity has been implicated as a causal factor in many neurological disorders, and pharmacological inhibition of GSK-3b has been shown to rescue impaired neurogenesis in a mouse model of Fragile X syndrome (Guo et al., 2012) .
Here, we tested the hypothesis that gestational alcohol exposure disrupts GSK-3b expression and serine 9 phosphorylation within the adult hippocampal DG under conditions of EE. For these studies, we utilized a well-characterized limited access voluntary consumption paradigm, in which average daily peak maternal blood alcohol levels reach~80 mg/dl throughout gestation, without alterations in litter size, pup weights, or maternal care (Brady et al., 2012) . Adult PAE offspring generated using this model display impaired hippocampal-dependent learning (Brady et al., 2012) , impaired NMDA-dependent LTP , and an impaired neurogenic response to environmental enrichment (Kajimoto et al., 2013 (Kajimoto et al., , 2016 . GSK-3b expression and phosphorylation were evaluated within the DG of the PAE offspring using Nestin-CreER T2 :tdTomato bitransgenic mice, in which adult hippocampal progenitors and their progeny were visually identified by reporter gene expression (Kajimoto et al., 2013) . We compared total GSK-3b and p(Ser9)GSK3b levels by Western blot analysis and cellular expression patterns by high-resolution confocal fluorescence microscopy. Our findings demonstrate marked elevation of p(Ser9)GSK3b, concomitant with a moderate increase in total GSK-3b, and significant elevation of the p(Ser9)GSK-3b/total GSK-3b ratio in PAE mice. Based on the cellular pattern of GSK-3b expression, the increased Ser9 phosphorylation of GSK-3b likely occurs primarily within hilar mossy cells, GABAergic interneurons, or CA3/4 neurons, and not in adult-generated DGCs where expression appears relatively weak. These observations suggest that GSK-3b may be an important therapeutic target in PAE and warrant further investigation regarding its causal role underlying impaired neurogenic function in this preclinical mouse model of FASD.
MATERIALS AND METHODS

Animals
All animal procedures were performed in accordance with the University of New Mexico Institutional Animal Care and Use Committee guidelines. Mice were housed under reverse 12-hour dark/12-hour light cycle (lights off at 08:00). Experiments were performed using Nestin-CreER T2 : tdTomato bitransgenic mice (bred in our facility) for identification of adult hippocampal progenitors and their downstream progeny. These mice are homozygous at both the Nestin-CreER T2 (Lagace et al., 2007) and Ai9 (RCL-tdT) transgene loci (Madisen et al., 2010 ) maintained on the C57BL/6J background strain. The mice harbor a loxP-flanked STOP cassette at the Gt(Rosa)26Sor locus, which prevents transcription of CAG promoter-driven red fluorescent variant (tdTomato) except following Cre-mediated recombination. Tamoxifen administration to NestinCreER T2 :tdTomato bitransgenic mice results in Cre-mediated recombination and reporter expression within nestin + hippocampal progenitors and all subsequent progeny (Lagace et al., 2007) . In separate experiments, we utilized vesicular GABA transporter (VGAT)-Venus transgenic mice (The Jackson Laboratory, Bar Harbor, ME), which express a green fluorescent variant (Venus) reporter gene under transcriptional control of the endogenous mouse VGAT promoter ).
Prenatal Alcohol Exposure
PAE offspring were generated using a limited access "drinkingin-the-dark" gestational ethanol (EtOH) exposure paradigm as previously described (Brady et al., 2012) . Briefly, 60-day-old nestinCreER T2 :tdTomato female mice were subjected to a 5-day ramp up period in which the normal drinking water was replaced with 0.066% saccharin (SAC) containing 0% (2 days), 5% (2 days), and 10% EtOH for 4 hours per day from 10:00 to 14:00. The mice were maintained on this drinking regimen for 2 weeks prior to pregnancy and throughout pregnancy. Female mice, offered 0.066% SAC without EtOH during the same periods, were used as controls. After 1 week of drinking 10% EtOH, females were placed into the cage of a singly housed male for 2 hours per day from 14:00 to 16:00 for 5 consecutive days and returned to home cage after the 2-hour mating session. At birth, EtOH and SAC concentrations were halved every 2 days with a return to normal drinking water on day 5. Consumption volume during the 4-hour access period, as determined for each dam beginning after 1 week of drinking 10% alcohol, was 5.64 AE 0.885 g EtOH/kg body weight, n = 5. We previously demonstrated that blood alcohol concentrations are directly correlated to the amount of EtOH consumed over the 4-hour drinking period (Brady et al., 2012) . Based on this correlation, we estimate average daily blood alcohol concentrations of 80 to 90 mg/dl throughout gestation for the current study. All offspring were sex-segregated at weaning. One week after weaning, all mice received daily intraperitoneal (i.p.) injections of tamoxifen (Sigma-Aldrich, St. Louis, MO) at the dose of 180 mg/kg (dissolved in 10% EtOH/90% sunflower oil) for 5 consecutive days as previously described (Kajimoto et al., 2013) . Five days following the final tamoxifen injection, gender-segregated pups were placed in EE for 8 weeks, as described previously (Kajimoto et al., 2013) . Mice were then sacrificed at the end of the 8 weeks of EE for biochemical and histological analysis of GSK-3b expression. All mice were approximately 3 months of age at the time of sacrifice. Offspring from 5 EtOH and 4 SAC litters were used for Western blot analysis across 2 separate experiments. Four littermates for each treatment group were used for histology, across 2 EtOH and 4 SAC litters.
Western Blot Analysis
Mice were sacrificed by decapitation following light isoflurane anesthesia. Brains were immediately removed from calvaria and placed in cold phosphate-buffered saline (PBS). Using a dissecting microscope, the DG was microdissected from the hippocampus bilaterally and snap frozen in liquid nitrogen (Hagihara et al., 2009 ). Tissue was homogenized in 100 ll of buffer containing the following components: 20 mM Tris-HCl, pH 7.4, 1 mM EDTA, 320 mM sucrose, 20 mM b-glycerophosphate, 20 mM sodium pyrophosphate, 10 mM sodium fluoride, 200 lM sodium orthovanadate, and protease inhibitor cocktail (1:1,000; Sigma-Aldrich). The homogenates were centrifuged twice at 1,0009g for 6 minutes at 4°C, and the supernatants were combined as a "postnuclear lysate." Protein concentrations were determined using the Bradford protein assay (Bio-Rad, Hercules, CA) and subjected to analysis by routine Western immunoblotting as previously described (Diaz et al., 2014; Goggin et al., 2014) . Briefly, samples were diluted in NuPAGE LDS Sample Buffer (#NP0007; InVitrogen, Grand Island, NY), heated at 70°C for 5 minutes, and loaded (10 or 20 lg protein/well) into 4 to 12% Bis-Tris precast gels (#NP0336; InVitrogen). Proteins were separated by electrophoresis at 150 V for 50 minutes and electroblotted onto Immobilon-FL membranes (EMD Millipore, Billerica, MA) overnight at 30 V. Membranes were blocked using Odyssey TM blocking buffer (#927-40000; LI-CORE Biosciences, Lincoln, NE) for 1 hour at room temperature, washed with PBS containing 0.1% Tween-20 (4 9 5 minutes), and incubated in primary antibodies for 4 to 5 hours at room temperature. The membranes were washed with PBS-0.1% Tween-20 (4 9 5 minutes) and incubated with fluorescently labeled secondary antibodies for 1 hour at room temperature. The following primary antibodies were used in this study: anti-GSK-3b (3D10) mouse mAB (1:1,000 dilution; #9832; Cell Signaling, Danvers, MA), and antiphospho-GSK-3b (Ser9) (D85E12) XP rabbit mAb (1:1,000 dilution; #5558; Cell Signaling). Simultaneous detection of total and phosphorylated GSK-3b were performed on each blot using IRDye 680RD goat anti-mouse (1:10,000 dilution; #926-6807; LI-COR Biosciences) and 800CW goat anti-rabbit antibody (1:10,000 dilution; #926-32211; LI-COR Biosciences), respectively. The blots were scanned using 2-channel infrared direct detection (Odyssey Imaging System; LI-COR Biosciences) and quantified using Image Studio (version 3.1; LI-COR Biosciences). Coomassie staining was performed as a within-lane loading control as previously described (Goggin et al., 2014) . Following immunodetection, membranes were stained with Coomassie Brilliant Blue R-250 (#161-0400; Bio-Rad) and quantified using Quantity One 1-D analysis software (Bio-Rad). For each lane, the target protein signal was corrected against the Coomassie stain to account for any loading discrepancies. Each individual immunoblot included samples from at least 3 separate control and 3 separate PAE mice. All data are expressed as means AE SEM, normalized to within blot controls. Sample size was defined as the number of animals taken across separate litters for each treatment group, because statistical variance was greatest across individual pups compared to that across individual litters (s 2 pups = 4,264, s 2 litters = 3,357). Both sexes were included in all analyses (3 males and 8 females for EtOH; 3 males and 7 females for SAC). All data were statistically analyzed by 2-tailed Student's t-test with Welch's correction for unequal variance using Graphpad PRISM Software version 6.03 (GraphPad Software, San Diego, CA).
Immunohistochemistry
Mice were deeply anesthetized with sodium pentobarbital (150 mg/kg, i.p.; Fort Dodge Animal Health, Fort Dodge, IA), followed by transcardial perfusion with PBS containing procaine (0.1%) and heparin (2 U/ml) and 4% paraformaldehyde (w/v) in 0.1 M PBS. Brains were postfixed overnight, cryoprotected with 30% sucrose (w/v) in 0.1 M PBS, and sectioned in the coronal plane (30 lm thickness) using a freezing sliding knife microtome (AO Instrument Co., Buffalo, NY). Immunostaining was performed on floating sections using anti-GSK-3b (3D10) mouse mAB (1:500 dilution; #9832; Cell Signaling), or antiphospho-GSK-3b (Ser9) (D85E12) XP rabbit mAb (1:500 dilution; #5558; Cell Signaling). Immunofluorescence was visualized using biotinylated goat antimouse or biotinylated goat anti-rabbit secondary antibody with tyramide amplification using the Tyramide-Plus amplification system (PerkinElmer Life Sciences, Boston, MA) as previously described (Lagace et al., 2007; Li et al., 2010) . All images represent z-stack projection images acquired using LASX acquisition software with a Leica DMi8 TCS SP8 confocal microscope (Buffalo Grove, IL). Images were tiled using a 209 objective and stitched using Leica LASC software or using Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA). Single higher power z-stack projection images were acquired with a 639 objective.
RESULTS
PAE Leads to Increased Phosphorylation of GSK-3b-Ser9 in the DG of Adult Mice
To evaluate the expression levels of p(Ser9)GSK-3b relative to total GSK-3b, Western immunoblot analysis was performed using antibodies that detect endogenous GSK-3b only when phosphorylated at Ser9 or that detect endogenous GSK-3b independent of phosphorylation status (p(Ser9) GSK-3b vs. total GSK-3b, respectively). Each primary antibody was produced in a distinct species, allowing for the analysis of both p(Ser9)GSK-3b and total GSK-3b within the same membrane using species-specific secondary antibodies conjugated to distinct fluorophores. The immunoblots displayed distinct single bands at the appropriate molecular weight confirming lack of cross-reactivity with GSK-3a, as previously documented by others (Chao et al., 2014; Hui et al., 2014; Mirlashari et al., 2012; Pardo et al., 2016) . As shown in Fig. 1 , PAE mice displayed a significant 36% increase in total GSK-3b expression within the DG (t = 2.38, df = 10.83, p = 0.037), and a more marked 100% increase in the level of p(Ser9)GSK-3b (t = 3.55, df = 16.36, p = 0.003). This resulted in an approximate 63% increase in the mean ratio of inactive p(Ser9)GSK-3b to total GSK-3b in PAE mice compared to controls (t = 2.14, df = 18.01, p = 0.045).
GSK-3b Expression Pattern within the Hippocampal Dentate of PAE and Control Mice
High-resolution confocal microscopy was used to assess the distribution of GSK-3b immunofluorescence within the DG of PAE and control mice. For this analysis, we utilized Nestin-CreER T2 :tdTomato mice in which adult-generated DGCs were visualized by tamoxifen-induced reporter gene expression in hippocampal progenitors and their progeny. Figure 2 depicts the overall pattern of total GSK-3b immunofluorescence and tdTomato reporter expression throughout a coronal brain section at the level of the dorsal hippocampus of a control mouse. As anticipated, tdTomato fluorescence intensely labeled a subset of hippocampal DGCs within the DG. However, GSK-3b immunofluorescence appeared relatively faint within the DGC layer, compared to Cornu Ammonis (CA) hippocampal pyramidal neurons and fibers of the stratum radiatum and lacunosummoleculare which were intensely GSK-3b + . GSK-3b expression was also intense within neurons in the outer layers of the cerebral cortex.
The relationship of tdTomato reporter expression and GSK-3b immunofluorescence within the DG of PAE and control mice is shown at higher power magnification in Fig. 3 . Consistent with our previous reports, the overall number of adult-generated DGCs (tdTomato + ) appeared much lower in PAE mice compared to controls (Choi et al., 2005; Kajimoto et al., 2013) . GSK-3b immunofluorescence only faintly labeled DGCs and was only barely detectable within tdTomato + DGCs. However, GSK-3b immunofluorescence was readily detectable within interneurons scattered throughout the hilus and within scattered cells along the DGC layer-hilus border. There were no apparent differences in the distribution patterns of GSK-3b expression between PAE versus control mice. As shown in Fig. 4 , the pattern of p(Ser9)GSK-3b immunofluorescence was similar to that of total GSK-3b, although fewer immunofluorescent cells were detectable overall. Similarly, there were no apparent differences in the distribution patterns of p(Ser9)GSK-3b immunofluorescence between PAE versus control mice, although p(Ser9)GSK-3b immunofluorescence appeared visibly more intense in PAE mice, consistent with the Western blot data (Fig. 4A,B) .
GSK-3b Is Expressed in Mossy Cells and a Subpopulation of Hilar Inhibitory Interneurons
To begin to determine the phenotype of GSK-3b + cells within the dentate hilar region of normal mice, we utilized VGAT-Venus transgenic mice that were not exposed to gestational alcohol. These mice express a green fluorescent variant (Venus) reporter gene under transcriptional control of the endogenous mouse VGAT promoter, resulting in genetic fluorescence labeling of inhibitory interneurons. As shown in Fig. 5 , GSK-3b immunofluorescence intensely labeled many large neurons that were negative for Venus reporter expression. These cells are most likely glutamatergic hilar mossy cells. However, we also observed many GSK-3b + /Venus + colabeled interneurons as well as many neurons that were GSK-3b -/Venus + within the hilus and adjacent DGC layer. These results suggest that GSK-3b is expressed in both hilar mossy cells and a subset of dentate GABAergic interneurons. It is important to note that these reporter mice were not exposed to alcohol, so it is not known whether PAE might alter the pattern of Venus reporter expression.
DISCUSSION
GSK-3b is a multifunctional kinase implicated in the regulation of many central nervous system (CNS) processes, including adult hippocampal neurogenesis (Pardo et al., 2016) and synaptic plasticity (Bradley et al., 2012) . Abnormal GSK-3b signaling has been implicated in many neurological disorders, making it an attractive therapeutic target (Beurel et al., 2015) . In the present study, we asked whether GSK-3b may play role in FASD, using a well-characterized mouse model of PAE previously shown to display long-term impairments in hippocampal-dependent learning, plasticity, and EE-induced adult neurogenesis (Brady et al., 2012 Kajimoto et al., 2013 Kajimoto et al., , 2016 Roitbak et al., 2011) . Our results suggest suppression of GSK-3b signaling in PAE mice under EE conditions, as indicated by an approximate 63% increase in the ratio of p(Ser9)GSK-3b (inactive form)/total GSK-3b in hippocampal dentate of PAE mice compared to controls. Although we did not directly measure GSK-3b catalytic activity in this study, it is likely substantially suppressed because GSK-3b is a constitutively active kinase predominantly regulated via inactivation through phosphorylation at Ser9 (Doble and Woodgett, 2003) . These findings corroborate prior observations of elevated p(Ser9)GSK-3b in whole hippocampus of adolescent PAE mice exposed to an identical gestational drinking paradigm, but without EE (Goggin et al., 2014) . Taken together, these studies demonstrate that exposure to even moderate levels of alcohol during gestation leads to long-term elevation of p(Ser9)GSK-3b through young adulthood.
Our prior findings of impaired EE-mediated neurogenesis in the hippocampal dentate of adult PAE mice (Choi et al., 2005; Kajimoto et al., 2013 Kajimoto et al., , 2016 , coupled with evidence in :tdTomato mouse immunofluorescently labeled for GSK-3b (green). Adult-generated DGCs are tdTomato + (red). Note pattern of intense GSK-3b expression within hippocampal CA pyramidal cell layers, within processes of stratum radiatum and stratum lacunosum-moleculare, and within interneurons scattered throughout all regions of hippocampus. Intense GSK-3b immunofluorescence is also observed within pyramidal neurons of the cerebral cortex. GSK-3b immunofluorescence was only dimly visible within the granule cell layer of the DG. Note the presence of tdTomato + mossy fibers from adult-generated DGCs within the hilar/CA3 regions of DG. DG, dentate gyrus; O, stratum oriens; P, CA pyramidal layer; R, stratum radiatum; L-M, stratum lacunosum-moleculare. the literature that GSK-3b regulates adult hippocampal neurogenesis (Fuster-Matanzo et al., 2013; Jurado-Arjona et al., 2016; Llorens-Martin et al., 2016; Morales-Garcia et al., 2012; Sirerol-Piquer et al., 2011) , provided impetus for the current study. As mentioned previously, we have demonstrated impaired hippocampal neurogenesis in PAE mice resulting in approximately 50% fewer adult-generated DGCs compared to control mice under conditions of EE. Although many studies implicate GSK-3b in the regulation of adult hippocampal neurogenesis, the nature of this regulation remains ambiguous. For example, pan-neuronal overexpression of GSK-3b to induce excessive activation of GSK-3b throughout neurons of the adult hippocampus and cortex using CamKIIa-tTA/Tet-GSK-3b dual-transgenic mice was found to impair normal adult hippocampal neurogenesis (Fuster-Matanzo et al., 2013; Llorens-Martin et al., 2016; Sirerol-Piquer et al., 2011) . Conversely, GSK-3b overexpression in astrocytes and neural stem cells throughout development using GFAP-tTA/Tet-GSK-3b dual-transgenic mice was found to promote neurogenesis by expanding the hippocampal progenitor pool . Another report indicated that GSK-3b inhibition using stereotactic lentiviral delivery of GSK-3b shRNA in which GSK-3b knockdown was restricted to the DG had no effect on the number of adult-generated DGCs (Chew et al., 2015) . Studies performed under more physiological conditions have linked neurogenesis stimulated by voluntary exercise or EE to either enhanced or diminished GSK-3b activity, respectively (Hu et al., 2013; Zang et al., 2017) . Finally, previous work in a mouse model of fragile X syndrome demonstrated that impaired hippocampal neurogenesis was associated with a marked decrease in the ratio of p(Ser9)GSK-3b/GSK-3b and that neurogenesis could be rescued using a specific pharmacological inhibitor of GSK-3b (Guo et al., 2012) . Although we did not evaluate the effects of EE per se on GSK-3b activity in this study, prior work has demonstrated an increased p(Ser9)GSK-3b/total GSK-3b ratio within hippocampus from healthy mice (Hu et al., 2013) . Thus, we A A1 B B1 Fig. 3 . Distribution of GSK-3b immunofluorescence in adult DG of control and PAE mice. Confocal images through DG of dorsal hippocampus from control (A) and PAE (B) mice. GSK-3b immunofluorescence is depicted in green, whereas tdTomato fluorescence in adult-generated DGCs is depicted in red. Cell nuclei are depicted in blue (DAPI nuclear stain). tdTomato + mossy fibers can also be seen in hilar region at this magnification. Boxed areas in A and B are shown at higher magnification in A 1 and B 1 , respectively. Intense GSK-3b expression is observed in scattered cells throughout the hilus, SGZ, and granule cell layer (arrows) with little expression apparent within tdTomato + adult-generated DGCs. Note that the overall distribution of GSK-3b appears unchanged by PAE, whereas the number of adult-generated DGCs appears less in PAE mice. GCL, granule cell layer; SGZ, subgranular zone; H, hilus.
might have anticipated gestational alcohol to block this increase. However, our findings of increased ratio of p(Ser9) GSK-3b/GSK-3b in adult PAE-EE mice compared to control-EE mice suggest an exacerbated p(Ser9)GSK-3b response to EE following gestational alcohol exposure, which could represent a compensatory mechanisms triggered by an impaired neurogenic response. Future studies will be required to determine whether GSK-3b activity is reduced in PAE mice and if so, how this might be mechanistically linked to neurogenesis under standard versus enriched housing conditions.
If enhanced Ser9 phosphorylation of GSK-3b is involved in the suppression of the neurogenic response to EE in PAE mice, we might anticipate this to be an indirect effect, based on our observation that GSK-3b expression within tdTomato + hippocampal precursors and adult-generated DGCs appears weak compared to that in hilar interneurons, mossy cells, and CA pyramidal neurons. This cellular distribution is consistent with previous work demonstrating intense expression in hippocampal CA pyramidal neurons, neuronal cell bodies within the hilar region of the dentate gyrus, and within processes throughout the stratum radiatum and lacunosum-moleculare, with much fainter expression within the dentate granule neurons (Perez-Costas et al., 2010) . Our study extends that work to demonstrate GSK-3b expression in a subpopulation of GABAergic interneurons within the hilus and DGC layer and within hilar mossy cells. Both GABAergic interneurons and glutamatergic hilar mossy cells play important roles in the maturation and functional integration of adult-generated DGCs. GABA signaling has a depolarizing influence on immature DGCs in the early stages of neurogenesis, which is required for further maturation and integration of adult-born DGCs into the hippocampal network. Specifically, parvalbumin GABAergic interneurons have been shown to be critical for adult neurogenesis (Song et al., 2013) and may be important for priming newborn DGCs for subsequent activity-dependent integration via a disynaptic circuit involving more mature DGCs in response A B A1 B1 Fig. 4 . Distribution of p(Ser9)GSK-3b immunofluorescence in adult DG of control and PAE mice. Confocal images through DG of dorsal hippocampus from control (A) and PAE (B) mice. P(Ser9)GSK-3b immunofluorescence is depicted in green, whereas tdTomato fluorescence in adult-generated DGCs is depicted in red. Cell nuclei are depicted in blue (DAPI). Boxed areas in A and B are shown at higher magnification in A 1 and B 1 , respectively. p(Ser9) GSK-3b immunofluorescence is primarily observed within scattered cells of the hilus, granule cell layer, and within tdTomato -cells in the vicinity of the SGZ, but is not highly expressed in tdTomato + adult-generated DGCs. The overall distribution of p(Ser9)GSK-3b expression appears unchanged by PAE. GCL, granule cell layer; SGZ, subgranular zone; H, hilus.
to hippocampal activation by EE (Alvarez et al., 2016) . GABA depolarization is also required for experience-dependent synapse unsilencing of glutamatergic transmission in adult-born immature DGCs (Chancey et al., 2013) . Indeed, hilar mossy cells provide the first direct glutamatergic synapses, as well as disynaptic GABAergic input to adultborn DGCs, and have been implicated in regulating activitydependent neurogenesis (Chancey et al., 2014) . Clearly, any potential impact of GSK-3b signaling on adult neurogenesis must be considered in the context of a broader hippocampal network regulation (Sailor et al., 2017) .
GSK-3b is constitutively active in resting neurons (Hur and Zhou, 2010) , and the primary mechanisms for regulating its enzyme activity is via phosphorylation at Ser9, resulting in the suppression of kinase activity (Doble and Woodgett, 2003) . Many upstream signaling pathways inactivate GSK3b by phosphorylating Ser9 in neurons. These include pathways that activate Akt, CaMKII, PKC, PKA, PrkG1, RSK, and ILK (reviewed by Bradley et al., 2012) . Similarly, GSK3b is a pleiotropic kinase with many downstream targets, including glycogen synthase, MAP1B, Tau, presenilin, CREB, and b-catenin (Bradley et al., 2012; Peineau et al., 2008) . GSK-3b plays a prominent role in hippocampal synaptic plasticity. Knockdown of GSK-3b expression in the adult DGC layer by lentiviral delivery of GSK-3b shRNA results in severe impairment of contextual fear discrimination Fig. 5 . GSK-3b is expressed within mossy cells a subset of DG hilar interneurons. Confocal image through DG of dorsal hippocampus from adult na€ ıve VGAT-Venus mouse. GSK-3b immunofluorescence is depicted in red, whereas GABAergic inhibitory interneurons are depicted by green (Venus reporter expression under transcriptional control of endogenous VGAT promotor sequences). Higher power images of boxed area are depicted in lower panels. Note that intense GSK-3b immunofluorescence is observed within CA4 pyramidal neurons (CA4, upper panel) and in scattered cells throughout all regions of the dentate gyrus. Lower panels demonstrate GSK-3b expression in mossy cell interneurons (large Venus -neurons indicated by filled arrowheads) and within a subset of Venus + GABAergic interneurons within the hilus (hatched arrowheads). Not all Venus + GABAergic interneurons express GSK-3b (open arrowhead depicts Venus + /GSK-3b -interneuron). Less intense, but detectable, GSK-3b immunoreactivity is also observed in granule neurons throughout the dentate granule (DG) cell layer.
and impaired synaptic plasticity in this region (Chew et al., 2015) . This is consistent with other studies demonstrating impairment of hippocampal-dependent memory in heterozygous GSK-3b knockout mice (Kimura et al., 2008) where GSK-3b activity is reduced. GSK-3b activity is known to potently regulate LTP/LTD balance, as well as AMPA and GABA receptor subunit trafficking in adult CNS (Bradley et al., 2012) .
Although excessive GSK-3b activity has been implicated as a causal factor in many neurological disorders, the current study suggests that the hippocampal deficits in PAE mice may be related to excessive suppression of GSK-3b through enhanced Ser9 phosphorylation. Future studies to demonstrate this will require direct measurement of GSK-3b enzymatic activity and downstream signaling. Given that GSK3b regulates many aspects of neuronal plasticity, it will be important to investigate the functional implications of elevated p(Ser9)GSK-3b as a causal factor underlying the longterm impairments in hippocampal neurogenesis, particularly in the broader context of hippocampal network function.
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